Over the last 10 years, marine gas hydrate drilling expeditions utilizing advances in pressure coring 10 techniques and imaging have routinely encountered gas hydrates residing in fine-grained sediments. The 11 hydrate typically occurs as fracture-filling, near vertical, veins that displace the sediment, potentially 12 leading to increased sediment strength that may prevent normal consolidation of the sediment thus leading 13 to underconsolidation. Destabilization of this hydrate, through climate change or human activity on the 14 seafloor, may cause dramatic loss of strength of the sediment and pose a significant geohazard. To assess 15 the impact of hydrate veins on sediment behaviour, this paper reports on a series of consolidated (CU) and 16 unconsolidated undrained (UU) triaxial tests carried out on fine-grained soil specimens hosting 17 
INTRODUCTION 26
Methane gas hydrates are naturally occurring, ice-like compounds which exist under low temperature and 27 high pressure conditions and are readily found within sediments along marine continental margins and 28 onshore beneath permafrost (Kvenvolden and Lorenson 2001) . Gas hydrate within these sediments 29 sequester significant volumes of methane gas and therefore have attracted global interest due to their 30 potential as an unconventional energy resource (Boswell and Collett 2011) , their potential role in climate 31 change (Kvenvolden 1988; Dickens et al. 1997; Ruppel 2011) and potential impact as a geotechnical 32 hazard (Maslin et al. 1998; Rothwell et al. 1998; Rutqvist and Moridis 2009; Grozic 2010; Kwon et al. 33 2010) . The presence of stiff, ice-like gas hydrate within the sediment matrix can increase the strength and 34 stiffness of the sediment, which can be lost if the environmental conditions are no longer conducive to 35 hydrate stability, leading to hydrate dissociation. In addition, hydrate dissociation involves the release of 36 free gas into the pore space which can reduce the effective stress on the sediment (Nixon and Grozic 37 2007) , thus exacerbating any reduction in strength; this may be more acute in fine-grained sediments due 38 to their reduced ability to dissipate excess pore fluid (Kayen and Lee 1991) . Processes that will bring 39 about hydrate dissociation such as future gas hydrate production or ongoing climate change may pose a 40 significant risk to submarine slope stability. 41
Assessing the potential impact of hydrate dissociation on slope instability requires a detailed 42 understanding of the geomechanical properties of hydrate-bearing sediments. Historically, studies on the 43 geomechanical properties of natural hydrate-bearing sediments have been hindered by the degradation of 44 in situ properties due to hydrate dissociation during sample recovery from the seafloor. Significant 45 advances in pressure coring, storage and transfer techniques (Pettigrew et al. 1992; Schultheiss et al. 46 2006) alongside the development of integrated analysis tools Yun et al. 2006; Priest et al. 2015; Santamarina et al. 2012) have enabled more accurate assessments of hydrate saturations 48 (Dickens et al. 2000) , hydrate morphology ) and the physical properties of natural 49 hydrate-bearing sediments (Yun et al. 2010; Priest et al. 2015; Santamarina et al. 2015; Yoneda et al. situ formation method resulted in partial freezing of the soil's porewater, leading to ice lensing that may 130 result in thaw-consolidation effects within the soil (Nixon and Morgenstern 1973) . 131
To overcome the soil freezing issues, hydrate cylinders were formed independently and subsequently 132 transferred into the vein void. This was done by forming cylindrical aluminium foil molds of the required 133 vein diameter and height, which were then filled with 1:15 THF-water mixture, covered, and placed in a 134 freezer to initiate hydrate vein formation. Once formed, hydrate cylinders were quickly unwrapped and 135 carefully inserted into the vein void. THF hydrate formed using this method was observed to contain 136 subhorizontal, planar macroscopic structural features along which THF hydrate dissociation appeared to 137 initiate, as shown in Figure 2 . Due to the high slenderness ratio of the 6.35 mm diameter vein, this 138 procedure led to the fracturing of the small vein, and so could not be adopted. 139
Once the vein was either formed in situ or inserted into the soil, a second soil plug was tamped on 140 top of the vein to seal it within the specimen. The specimen was then stored between 0 and 2⁰C prior to 141 geomechanical testing. 142 D r a f t 8 was installed around the cell to maintain the temperature with a thermocouple installed in the cell to 153 monitor the temperature of the cell fluid surrounding the soil specimen. 154
Prior to specimen mounting, the drainage lines, base pedestal and top cap were saturated with de-155 aired water in accordance with ASTM Standard D4767. The prepared specimen was removed from the 156 refrigerator, saturated filter papers were placed on its top and bottom, and radial drains were applied 157 around specimens to aid reconsolidation. The specimen was mounted, and the triaxial cell was assembled 158 quickly and filled with cooled cell fluid such that no hydrate dissociation occurred during this process. 159 160
Triaxial Test Procedures 161
The testing program consisted of consolidated undrained (CU) and unconsolidated undrained (UU) 162 triaxial compression tests on the specimens. For the CU tests, the specimens were first consolidated at a 163 cell pressure of 500 kPa and back pressure of 400 kPa to an effective isotropic confining stress of 100 164 kPa. The consolidation stage was terminated when 95% of the excess pore pressure was dissipated, as per 165 ASTM Standard D4767. The drainage lines were then closed, and the specimen was sheared at a strain 166 rate of 0.05%/min. For the UU tests a cell pressure of 200 kPa was applied to the specimens prior to 167 shearing at an axial strain range of 0.3%/min, as suggested by ASTM Standard D2850. Specimens were 168 sheared until either an observed peak in axial load was observed or 15% axial strain was reached. For CU 169 tests axial load, axial displacement and pore pressure were recorded throughout the shearing stage, while 170 for UU tests axial load and displacement were recorded. After shearing, each specimen was cut open to 171 expose and photograph the hydrate vein. The hydrate vein was then removed and its weight, and the 172 moisture content of the specimen were determined. 173 174
RESULTS AND DISCUSSION 175
In this section, the results obtained from CU and UU tests conducted on fine-grained specimens with 176 cylindrical hydrate veins are presented and discussed before comparing changes in strength and stiffness 177 as a function of hydrate saturation (also defined in terms of an area ratio) for the two different tests. Table 2 . Figure 3a highlights the change 182 in deviatoric stress (q = σ 1 -σ 3 ) versus axial strain (ߝa) showing that the inclusion of the 25.4 mm 183 diameter vein gives rise to a large increase in q, reaching a peak value of ~660kPa at an ߝa of ~4.5% (~4.6 184 times the peak deviatoric stress measured for the specimen without hydrate) before significant post-peak 185 strain softening indicating brittle failure. In contrast, the 19.05 mm diameter vein leads to a 1.8 times 186 increase in deviatoric stress with no appreciable strain softening, while the 6.35 mm and 12.7 mm 187 diameter vein-bearing specimens show a slight reduction in peak deviatoric stress compared to the 188 specimen with no hydrate. 189 value response is seen in the 6.35 mm and 12.7 mm veins when compared to the non-hydrate-bearing 194 specimen. In considering Figure 3c , which highlights the stress paths followed by the specimens in q-p' 195 stress space (p' = σ' 1 + σ' 3 ), it can be seen that the rapid reduction in A corresponds to the soil being able 196 to withstand stresses that exceed its critical state due to the support of the hydrate vein (for the 19.05 mm 197 and 25.4 mm vein). For the specimens with 0, 6.35 mm and 12.7 mm diameter veins, the increase in pore 198 pressure relative to the increase in q leads to specimen failure as it reaches the critical state line. 199 leading to shear plane development through the rupture and surrounding soil. This may explain the large 208 difference in peak deviatoric stress and post-peak behaviour between these two specimens, even though 209 the relative loss of hydrate was comparable. The 12.7 mm vein was significantly fragmented and the 6.35 210 mm vein had disappeared, thus neither provided structural support and indeed may have weakened the 211 specimen due to the creation of a fluid filled void within the specimen. To account for the change in vein 212 geometry due to the hydrate dissolution seen in the CU test specimens, the final vein volume (shown in 213 Table 2 ) was calculated by assuming that the vein remained cylindrical during dissolution, and its average 214 diameter was determined by measuring the vein at three locations after shear. 215 216
UU Tests 217
To reduce THF hydrate vein dissolution, the testing time was minimized by carrying out unconsolidated 218 undrained (UU) triaxial compression tests, which reduced the time the THF hydrate vein was in contact 219 with the specimen porewater from around 30 hours (CU testing time) to approximately 30 minutes. Post-220 shear analysis of the hydrate vein suggested that no appreciable dissolution of the hydrate had occurred, 221 preserving the overall dimensions of the veins ( Figure 5 ). 222 A summary of the results from the UU compression tests are shown in Table 3 , with Figure 6 223 showing q vs. ε a results. Generally, an increase in hydrate vein diameter is seen to give rise to an increase 224 in peak deviatoric stress, an increase in post-peak strain softening along with an increase in the initial 225 gradient (stiffness) of the q vs. ε a curves. The mode of failure of the hydrate veins (shown in Figure 5 ) has 226 a significant influence on the peak deviatoric stress, with results for the 25.4 mm specimens showing that 227 subhorizontal fractures lead to higher deviatoric stresses compared to diagonal fractures. This is similar toD r a f t the CU test results, and is likely due to the geometry of the vein fractures and the post-rupture behaviour 229 of the specimen. Diagonal fractures allow for shear plane development through this zone of weakness 230 allowing vein segments to translate past one another, while subhorizontal fractures lead to specimen 231 rotation around the point of weakness with increasing axial strain. 232 233
Quantifying the Hydrate Veins 234
The impact of hydrate on soil behaviour is typically considered in terms of hydrate saturation (S h ) defined 235 as the ratio between the volume of hydrate within the voids (V h ) and the volume of voids within the soil 236
In these tests, where the hydrate is contained entirely in the vein and not disseminated within the pore 239 space, the total volume of voids space will include the volume of voids within the soil (V v(Soil) ) and the 240 volume of the hydrate vein (V h ) such that 241
Areal relationships have been employed previously in defining the contribution of competent 243 cylindrical bodies to a soil's behaviour, for example stone columns (Barksdale and Bachus 1983; Priebe 244 1995) . Therefore, given the hydrate veins and specimens have constant diameter and height, and the 245 specimens void ratio is known, hydrate saturation can be more simply defined by an area ratio (A r ) that 246 relates the cross-sectional area of the vein (A vein ) to the specimen area (A Specimen ): 247
This value ranges from 0 in hydrate-free sediment to 1 if the specimen is entirely composed of 249 hydrate. The hydrate saturation and the area ratio can be related through: 250
where n is porosity. This relationship is approximate since it assumes that the soil and hydrate height are 252 equal, when the small plugs of soil placed at the bottom and top of the vein reduced its height relative to 253 the specimen height by ~5%. 254 255
Undrained shear strength 256
The undrained shear strength (C u ) of a specimen is typically defined as half of the deviatoric stress at 257 failure, C u = 0.5q f , where failure is determined by the maximum deviatoric stress recorded during a test. A 258 number of relationships have been developed that relate C u to effective vertical preconsolidation stress 259 For the UU tests, where the fine-grained specimens were preconsolidated to σ' v = 100 kPa, the 264 values predicted by Eq. 5 and 6 (C u = 17 kPa and 22 kPa respectively) are close to that measured for the 265 non-hydrate bearing specimen (C u = 18.5 kPa). 266
Generally, the presence of hydrate veins is seen to give rise to a linear increase in C u for increasing 267 vein diameter when plotted versus area ratio, although the 6.35 mm vein can be seen to have little effect 268 on C u . C u derived from the UU compression tests are plotted versus A r in Figure 7 . Applying a linear line 269 of best fit to the specimens containing 12.7 mm, 19.05 mm and 25.4 mm veins that were fractured 270 horizontally, with the intercept set to pass through the origin, gives a slope of 1350 kPa. Extrapolation of 271 this line to A r = 1 (hydrate vein diameter = specimen diameter) would suggest a deviatoric stress at failure 272 (q h ) of 2700 kPa for a THF vein, which closely matches the average shear stress (2680 kPa) obtained 273 from the shearing of standalone THF hydrate veins (Wu 2016) . Using the extrapolated shear stress at 274 failure from this testing (q h = 2700 kPa), a 6.35 mm vein would reach failure under a deviatoric load of Q fD r a f t suggests that the hydrate vein increases the specimen strength only once the vein strength exceeds the 277 strength of the soil (C u(Soil) ). Therefore, the threshold when the undrained shear strength of a hydrate-278 bearing soil transitions from a soil-dominated behaviour to a hydrate vein-dominated behaviour (A r(thresh) ) 279 defined as the intercept of the two straight-line relationships, given C u of 18.5 kPa for the soil, would 280 occur when A r ~ 0.014 as shown in Figure 7 . This relationship can be generalised as: 281
Equations 7-8 can be rewritten in terms of S h using Eq. 4: 284
The relationship suggested may be a simplification of the material behaviour due to the small dataset, 287 as the transition between the two different behaviours may not be so abrupt. Differences in behaviour 288 between specimens hosting the 6.35 mm vein and 12.7 mm vein may also be due to the difference in 289 hydrate vein formation method, leading to a difference in material characteristics. In addition, the 290 observed behaviour may be related to the strength of the soil matrix surrounding the hydrate vein (the 291 lateral resistance provided by the soil to the hydrate vein). Figure 8 compares the deviatoric stress versus 292 axial strain measured in both CU and UU tests on soil specimens containing 25.4 mm diameter hydrate 293 veins that ruptured subhorizontally. It can be seen that the peak deviatoric stress obtained in the CU test 294 was significantly higher than that from UU tests. All soil specimens were preconsolidated one-295 dimensionally under an effective vertical stress of 100 kPa producing a lateral stress around 38 kPa as 296 predicted from K 0 tests carried out on the soil material (Smith 2016) . However, in the case of the CU 297 tests, the soil is further isotropically consolidated under a radial stress of 100 kPa, which would be 298 transmitted directly to the hydrate vein and appears to increase the load the hydrate vein can carry beforeD r a f t confining stress. 301
Stiffness 303
Soil stiffness is typically determined by considering the gradient of the line joining the origin on the 304 stress-strain curve to the point corresponding to half of the peak deviatoric stress (E 50 ), which helps 305 overcome some of the issues associated with seating/bedding errors. Due to the non-linearity of the stress-306 strain response of soils, stiffness usually reduces with increasing strain. However, it can be seen in Figure  307 6, that some specimens exhibited low stiffness values initially before increasing (e.g. at ~2% axial strain 308 for the 12.7 mm vein-bearing specimen), which may be related to the soil plugs placed at the bottom and 309 top of the hydrate vein. Therefore, in our tests the undrained stiffness, E u , of the specimens was 310 determined either by considering the E 50 value or the maximum gradient of the stress-strain curve before 311 peak stress (e.g. the stiffness of the UU test on the 12.7 mm vein-bearing specimen was determined 312 between 2.5% and 3.7% axial strain). Figure 9 shows the calculated values of E u plotted against A r for all 313 UU tests and for the CU tests for specimens containing 0, 19.05 mm and 25.4 mm veins. In the case of the 314 CU test data, the A r values have been corrected to account for the dissolution of hydrate. In general, an 315 increase in E u is observed with increasing hydrate vein diameter for both sets of data. The vein failure 316 mode was seen to have no effect on the undrained stiffness. 317
The stiffness determined in UU tests is not immediately increased by the presence of a small vein 318 (6.35 mm vein), while at a certain threshold value it approximately follows a straight-line relationship in 319 E u vs. A r space, as seen with the undrained shear strength. As with the undrained shear strength, a 320 straight-line relationship with an intercept of zero implies that above the threshold value the hydrate vein 321 stiffness dominates specimen behaviour. In a similar manner to that adopted for C u , an A r threshold value 322 where stiffness becomes hydrate vein dependent can be predicted by extrapolating a linear line of best fit 323 applied to the UU test data for specimens containing 12.7 mm, 19.05 mm and 25.4 mm veins (shown in 324 Figure 9 ). Adopting this method gives an A r ~ 0.02, slightly higher than that predicted for C u . TheD r a f t gradient of the line, which represents the stiffness of the THF hydrate vein, E h , was found to be 185 MPa 326 somewhat less than 251 MPa that was measured for standalone THF veins (Wu 2016) . The lower stiffness 327 coupled with the higher A r suggests that the soil plugs, used to seal the vein in the specimen, may have a 328 greater influence on initial stiffness than on strength. The relationships between E u and A r can be 329 generalized by assuming that below the threshold area ratio, E u is controlled by the soil stiffness (E u(soil) ) 330 and above the threshold it is controlled by the stiffness of the hydrate vein (E h ) as 331
As with C u , Equations 11-12 can be rewritten in terms of S h using Eq. 4: 334
The relationship presented above does not consider the reduction in stiffness that may result from the 337 soil plugs. In addition, it is applied only to UU test results, since undrained stiffness values derived from 338 CU test results are higher for all specimens with and without veins. As highlighted previously, this is 339 likely due to the isotropic consolidation to 100kPa in CU tests, increasing the lateral confining stress on 340 the vein thereby increasing specimen stability during loading. However, the lack of CU test data on 341 specimens with smaller veins and at different effective stresses precludes the development of a more 342 comprehensive relationship. As previously mentioned, differences in behaviour between specimens 343 hosting the 6.35 mm vein and 12.7 mm vein may be due to the difference in hydrate vein formation 344 method, leading to a difference in material characteristics. 345 346
Potential impact on natural sediments 347
The results from this study show that increasing hydrate vein size leads to an increase in the strength and 348 stiffness of the soil in which they are hosted. THF hydrate veins were created within specimens up to anD r a f t area ratio of 0.13 that equates to 26% hydrate vein saturation, which is representative of that observed in 350 fine-grained fracture-hosted hydrate deposits (Rees et al. 2011) . 351
Our tests were conducted on soil specimens that were subject to one-dimensional consolidation 352 under a vertical effective stress of 100 kPa, which is representative of marine sediments at a burial depth 353 of approximately 20 metres. Therefore, our results are applicable to near surface hydrate-bearing 354 sediments. As the growth of hydrate veins within the sediment would lead to an increase in the sediment 355 C u and E u , Equations 7-14 can be used to predict the change in strength of near-surface sediments as a 356 function of area ratio/hydrate saturation. The incorporation of the developed relationships into 357 geomechanical reservoir-scale numerical codes and slope stability programs would allow the impact of 358 hydrate formation on the geomechanical response of these sediments to be assessed. Further work 359 exploring the impact of effective stress on the strength of hydrate-bearing sediments, and the inclusion of 360 more complex vein geometry, is required to understand the impact of hydrate veins on the behavior of 361 more deeply buried, natural hydrate-bearing sediments. 362 363
CONCLUSIONS 364
A laboratory testing program was carried out to investigate the influence of hydrate veins on the 365 behaviour of fine-grained sediments. Soil specimens composed of silt-sized silica (65% by weight) and 366 kaolin clay (35%) with simplified cylindrical THF hydrate veins of different sizes located centrally within 367 the specimens, were subjected to CU and UU triaxial compression tests. Four different hydrate vein 368 diameters were considered (6.35 mm, 12.7 mm, 19.05 mm and 25.4 mm) representing hydrate saturations 369 from 2% to 26%. The 6.35 mm hydrate vein was formed by placing THF/water mixture within a pre-370 drilled hole in the specimen and then forming the hydrate, while the larger veins were formed separately 371 and subsequently inserted into pre-drilled holes. 372
Initially, CU compression tests were carried out on soil specimens with and without hydrate veins. 373
Significant increases in stiffness and strength were observed for specimens with the large diameter veins 374 (19.05 mm and 25.4 mm) compared to the non-hydrate bearing specimen. In contrast, the smallerD r a f t hydrate veins after shearing showed that a reduction in hydrate volume, possibly due to dissolution of the 377 hydrate into the soil porewater, had occurred with 76% and 78% of the 19.05 mm and 25.4 mm THF 378 hydrate veins remaining by weight respectively. The 12.7 mm vein had completely fragmented with 79% 379 remaining by weight, while the 6.35 mm vein had disappeared. 380
To reduce the potential for hydrate dissolution, UU tests were carried out, which reduced the time the 381 hydrate vein was in contact with the porewater of the soil from 30 hours to 30 mins. The results 382 confirmed that hydrate vein diameter increases soil specimen strength and stiffness, and led to simple 383 relationships describing changes in C u and E u with hydrate vein saturation/area ratio for soil specimens 384 that were formed by one-dimensional consolidation under a vertical effective stress of 100 kPa. The mode 385 of failure of the vein was seen to influence the peak stress at failure and the post-rupture behaviour of the 386 specimen due to the geometry of the vein fractures, with subhorizontal fracturing leading to the largest 387 increase in strength. In contrast, the stiffness of the soil specimen was unaffected by the mode of failure 388 of the vein. 389
Although the dissolution of hydrate veins in CU tests prevented direct comparison with the UU tests, 390 the results suggest that increasing lateral confining stress also increases the specimen strength and 391 stiffness. Further CU testing at higher effective confining stresses, where THF hydrate dissolution is 392 prevented is required to determine the exact relation between effective confining stress and specimen 393 strength/stiffness. 394
Knowledge gaps still exist related to the effect of gas hydrate veins on fine-grained soil behaviour, 395 making it important to carry out further investigations into the geomechanical behaviour of this potential 396 energy source, climate change driver and marine geohazard. Lee et al. (2011) 
